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PACS numbers:
Controlled moving potentials are used for studying transport properties of excitons. An established method for creating moving potentials for excitons is based on surface acoustic waves (SAW). Transport of excitons, exciton-polaritons, and laterally separated electrons and holes via SAW has been realized [1] [2] [3] [4] [5] [6] . Large exciton transport distances in moving potentials can be achieved with indirect excitons composed of electrons and holes in spatially separated layers [ Fig. 1(a) ]: Indirect excitons have long lifetimes and can travel over large distances before recombination [7] [8] [9] [10] [11] . Effective transport of indirect excitons via SAW was demonstrated recently [2, 3, 5, 6] .
Moving potentials for indirect excitons can also be created by laterally modulated AC voltage patterns. Indirect excitons have a built-in dipole moment ed (d is the separation between the electron and hole layers) so voltage-controlled electric field perpendicular to the QW plane F z creates the desired potential landscape for indirect excitons E(x, y) = −edF z (x, y) [12] . Transport of indirect excitons was studied in static potentials formed by time-independent laterally modulated F z , including ramps [7, 10, 13] , lattices [14] , traps [15, 16] , and circuit devices [17] . Transport of indirect excitons in a moving electrostatic lattice potential -conveyer -was recently demonstrated [18] . The conveyer was created by applying AC voltages to the electrodes of an electrostatic lattice potential for excitons. This gave a traveling lattice moving indirect excitons laterally across the sample. The excitonic conveyer moves indirect excitons as charged coupled devices move electrons [19] . The moving wave of voltage couples to the dipole moment of indirect excitons in the former [18] and charge of electrons in the latter [19] .
Voltage control allows the realization of a variety of moving potentials for indirect excitons. Stirring potentials are of particular interest. They can be used for studying rotating exciton matter. Optical and excitonpolariton systems with optically generated or spontaneously formed vorticity were intensively investigated, see [20] [21] [22] [23] [24] and references therein. Stirring was also explored in the studies of rotating atom matter, see [25] [26] [27] and references therein. In these diverse systems, stirring was explored to generate and study vortical states with angular momentum.
In this work, we present experimental proof of principle for a stirring potential for indirect excitons. The indirect excitons are created in a GaAs coupled quantum well structure (CQW) grown by molecular beam epitaxy [ Fig. 1(a) ]. An n + -GaAs layer with n Si = 10 18 cm
serves as a homogeneous ground plane. Two 8 nm GaAs QWs are separated by a 4 nm Al .33 Ga .67 As barrier and positioned 100 nm above the n + -GaAs layer within an undoped 1 µm thick Al .33 Ga .67 As layer. Positioning the CQW closer to the homogeneous electrode suppresses the in-plane electric field [28] , which otherwise can lead to exciton dissociation. Time-dependent voltage is applied to an electrode pattern deposited on top of the sample, resulting in a variable F z in the CQW plane, and, in turn, a controllable potential landscape for indirect excitons E(x, y, t).
A stirring (carousel) potential is created by a centrally symmetric set of semitransparent 11 nm thick Ti-Pt-Au electrodes on the sample surface. The electrode width is 300 nm, carousel periodicity is 7 electrodes, and the angular wavelength of the carousel potential is θ car = 45 degrees [ Fig. 1(c) ]. The carousel electrodes are covered by a layer of transparent insulation (300 µm thick SiO 2 ). A set of connecting electrodes (2 µm wide, 200 nm thick ITO) provides the contacts to the carousel electrodes through 3 × 3 µm openings in the insulating layer that allows the construction of the periodically connected set of carousel electrodes [29] .
AC voltages to the carousel electrodes are applied by coaxial cables with impedance-matching termination at the sample [29] . The cable bandwidth complies with the frequency used in the experiments. The regime where the indirect excitons form the ground state, i.e. have lower energy than spatially direct excitons in the CQW, is realized by DC biases V c and V o applied to the central electrode and outer set of electrodes, respectively. [30] . A set of differentially phase-delayed AC voltage sine waves applied to the outer electrodes at frequency f = 47.5 MHz creates a stirring potential for indirect excitons -the excitonic carousel rotating with the angular velocity ω car = f θ car ∼ 2 × 10 9 degrees per second. The amplitude of the carousel potential for indirect excitons is controlled by the AC voltage V AC . The radial dependence of the snapshot of the carousel potential is shown in Fig. 1(d) . An effective stirring potential for indirect excitons is realized at the distance r ∼ 10 µm from the center. At large r > ∼ 15 µm, the sinusoidal envelope of the carousel potential with θ car = 45 degrees is modulated by ∼ 6 degrees-period ripples, which originate from the finite spacing between the carousel electrodes d s .
The amplitude of these ripples is smaller for a smaller d s , and the ripples essentially vanish at r ∼ 10 µm where
The sample mounts in a He cryostat at 1.5 K. The excitons are photoexcited by 700 nm Ti:sapphire laser focused to a spot ∼ 6 µm in diameter at r ∼ 10 µm. The exciton density is controlled by the laser excitation power P . Photoluminescence (PL) images of the exciton cloud are taken by a CCD with a bandpass filter 800 ± 5 nm covering the spectral range of the indirect excitons. The diffraction-limited spatial resolution is 1.4 µm. Fig. 2(d) ]. These results can be understood as follows: When the carousel amplitude is smaller than the exciton interaction energy or amplitude of disorder (given by the intrinsic disorder in the structure and ripples in the conveyer potential), excitons are not localized in the minima of the rotating carousel potential, and therefore are not stirred by the carousel. When the carousel amplitude becomes larger than both the exciton interaction energy and disorder amplitude, excitons can localize in the minima of the rotating carousel potential. This results in efficient stirring of excitons via carousel. The transition between these two regimes is similar to the dynamical localizationdelocalization transition for excitons in conveyers [18] and to the localization-delocalization transition for excitons in static lattices [14] : At low (high) amplitude of the stirring potential, excitons are dynamically delocalized (localized) in the stirring potential. Figure 2 (e) presents the dependence of exciton stirring via carousel on excitation density P . Efficient exciton stirring via carousel is achieved at intermediate densities and becomes less efficient at low and high densities. These results can be understood as follows: At low densities, the indirect excitons are localized in local minima of the disorder potential and hardly follow the rotating carousel. At the intermediate densities, excitons screen the disorder and can be efficiently stirred by the carousel. At the high densities, excitons screen the carousel potential that makes exciton stirring via carousel less efficient. In other words, excitons can efficiently follow the stirring carousel potential when the exciton drift angular velocity in the carousel is higher than the carousel angular velocity ω drift > ∼ ω car . For ω drift ∝ µU (µ is exciton mobility, U is the amplitude of stirring potential), an efficient exciton stirring is realized when both µ and U are high. Screening of disorder results in the enhancement of exciton mobility while screening of the stirring potential results in the reduction of the amplitude of the stirring potential.
For an outlook of this work, we note that stirring potentials for indirect excitons can be used to generate vortices in indirect excitons. The performance of stirring potentials is limited by the quality of the top electrode pattern that can be improved by increasing the pattern dimensions. This can be achieved in CQW structures where the distances between the CQW and top and bottom electrodes are increased [30] . Increasing the lateral dimensions for the top electrode will make possible improving the quality of the lithography processing and smoothing out the ripples in the carousel potential thus improving the quality of the carousel potential profile. Furthermore, if required, the lifetime of indirect excitons in the device can be increased by increasing the separation between the QW layers. This forms the subject for future work.
In summary, we report on the realization of an electrostatic stirring potential for indirect excitons with controllable amplitude, angular wavelength, and angular velocity.
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